The YxiN protein of Bacillus subtilis is a member of the DbpA subfamily of prokaryotic DEAD-box RNA helicases. Like DbpA, it binds with high affinity and specificity to segments of 23S ribosomal RNA as short as 32 nucleotides (nt) that include hairpin 92. Several experiments have shown that the 76-residue carboxy-terminal domain of YxiN is responsible for the high-affinity RNA binding. The domain has been crystallized and its structure has been solved to 1.7 Å resolution. The structure reveals an RNA recognition motif (RRM) fold that is found in many eukaryotic RNA binding proteins; the RRM fold was not apparent from the amino acid sequence. The domain has two solvent exposed aromatic residues at sites that correspond to the aromatic residues of the ribonucleoprotein (RNP) motifs RNP1 and RNP2 that are essential for RNA binding in many RRMs. However, mutagenesis of these residues (Tyr404 and Tyr447) to alanine has little effect on RNA affinity, suggesting that the YxiN domain binds target RNAs in a manner that differs from the binding mode commonly found in many eukaryotic RRMs.
INTRODUCTION
Proteins of the DEx(D/H)-box RNA helicase family participate in a broad spectrum of activities involving rearrangement of RNA structure and modulation of protein-RNA interactions (Rocak and Linder 2004) . Their activities range from relatively nonspecific with respect to the sequence and structure of the RNA substrate, such as the ''melting out'' of secondary structure in mRNAs by eukaryotic initiation factor 4A (eIF4A) (Pause and Sonenberg 1992; Rogers et al. 1999) , to highly selective, as illustrated by participation of several DEx(D/H)-box proteins in the sequential multistep recognition and rearrangements of RNA structures around the exon junction in the yeast spliceosome (Staley and Guthrie 1998) . Consistent with the diversity of activities, DEx(D/H)-box helicase proteins are variable with respect to amino acid sequence and size, ranging from fewer than 400 to more than 1200 residues. Additionally, accessory proteins cooperate with some DEx(D/H)-box helicases in their activity (Silverman et al. 2003) ; for example, initiation factor 4B (eIF4B) enhances the helicase activity of eIF4A (Jaramillo et al. 1991) . Nonetheless, proteins of the family share a highly conserved fragment of z400 residues that embraces seven short sequence motifs that were originally used to identify them as belonging to the broader family of RNA and DNA helicases (Gorbalenya and Koonin 1993) , including the Walker ATP binding motifs (Walker et al. 1982) .
Within the DEx(D/H)-box helicase family, DbpA (DEAD-box protein A), has been shown to have a high (z10 nM) affinity for 23S ribosomal RNA (rRNA) (Fuller-Pace et al. 1993; Nicol and Fuller-Pace 1995; Tsu et al. 2001 ), and appears to facilitate ribosome maturation in a manner that is not yet well understood. The high-affinity RNA binding can be accomplished by short oligonucleotides that include hairpin 92 of 23S rRNA with a short single-strand extension (Tsu et al. 2001) . The primary structure of proteins in the DbpA subfamily consists of the minimal helicase fragment connected to a small, 70-to 80-residue domain at the carboxy terminus by a peptide linker of 3 variable length. It was recently shown that the 76-residue carboxy-terminal fragment (residues 404-479) of YxiN, the Bacillus subtilis ortholog of DbpA (Kossen and Uhlenbeck 1999) , binds oligonucleotides derived from 23S rRNA with essentially the same affinity and sequence specificity as the full-length protein (Karginov et al. 2005) . It was also shown that the ATPase activity of the minimal helicase fragment of YxiN (residues 1-368) is similar to that of eIF4A, a helicase of minimal length that is unrelated to YxiN in biological function. Additionally, it has been shown that when the carboxy-terminal fragment of the Escherichia coli SrmB protein, a DEAD-box helicase with no observed sequence specificity in RNA binding, is replaced with the carboxyterminal RNA binding domain (RBD) of YxiN, the resulting chimera has the RNA binding affinity and specificity of YxiN but retains the RNA-dependent ATPase activity of SrmB (Kossen et al. 2002) . These data support a model in which this class of proteins is modular with the peripheral domains targeting the catalytic helicase domains to the desired site on rRNA.
Structures have been reported for yeast eIF4A (Caruthers et al. 2000) , a putative DEAD-box helicase from Methanococcus jannaschi (Story et al. 2001) , and fragments of the human UAP56 protein (Shi et al. 2004 ) and yeast Dhh1p protein (Cheng et al. 2005) , each of which represents a minimal helicase fragment. Consistent with the general scheme of modular helicase architecture (Caruthers and McKay 2002) , these structures have two domains, each of which has a folding topology related to that of the RecA protein, with linkers of various lengths between the domains. However, structures that include peripheral domains have not emerged. Here, we report the structure of the carboxy-terminal RBD of the B. subtilis YxiN protein.
The tertiary fold is similar to that of RNA recognition motifs (RRMs) that are prevalent in eukaryotes, such as the spliceosomal U1A protein (Nagai et al. 1990 ). However, RNA binding assays of mutant YxiN RBD protein fragments suggest that the mode in which this domain binds RNA differs substantially from that of the eukaryotic RRMs.
RESULTS
We have solved the crystallographic structure of the YxiN RBD to 1.7 Å resolution. The majority of the polypeptide is unambiguous in the experimental electron density map, as are several well-ordered solvent molecules (Fig. 1A) . The register of the sequence placement was further confirmed by the sites of three selenium atoms in selenomethionine (SeMet)-labeled protein. Despite this, two segments of polypeptide remained recalcitrant to model building and refinement, presumably due to multiple conformations. The first segment includes residues 410-423, spanning a glycine, lysine-rich loop leading to an a-helix (a1, Fig.  1B ). Gly423, in the middle of the helix, is a break point between somewhat poorly defined electron density leading up to it and well-defined electron density following it. Ultimately, the first part of this helix was modeled as two conformations of equal occupancy; this is probably an approximate description of multiple conformations that are significantly more complex. The second segment spans residues 468-470, for which it was not possible to model conformations with acceptable geometries. As a consequence, these two regions of the molecule remain ambiguous.
The YxiN RNA binding domain has the architecture of an RRM, also called the ribonucleoprotein (RNP) motif, which was originally described for the eukaryotic RNA binding protein U1A (Nagai et al. 1990 ) and which has subsequently been found in a large number of proteins involved in sequence-specific RNA binding (Fig. 1) . As with other RRMs, the YxiN RBD is an a-b sandwich with four antiparallel b-strands on one face and two helices on the other. The order of secondary structure elements in the polypeptide sequence is b-a-b-b-a-b; topology of strands in the b-sheet is 4-1-3-2. These elements of the YxiN RBD secondary structure superimpose well on those of other RRMs. For example, the U1A domain superimposes on the YxiN domain with a root mean square difference (RMSD) in a-carbon position of 1.4 Å for 51 closest proximity residues out of a total of 76 (Fig. 1C) . Loops connecting the a-helices and b-strands differ substantially between YxiN and the eukaryotic RRMs. For example, in most RRMs the connection from b-strand 2 to strand 3 is an extended loop that forms part of a ''cradle'' for RNA binding, while in the YxiN RBD, the two strands are connected by a short b-turn.
In structures of complexes between RRMs and their cognate RNAs, two surface-exposed aromatic residues that are structurally equivalent to Tyr407 and Tyr447 of YxiN are usually involved in ssRNA binding through stacking interactions with RNA bases (Maris et al. 2005 ; Fig. 1C-D) . Within the DbpA/YxiN subfamily of DEAD-box RNA helicases, tyrosine or phenylalanine is always found at the position equivalent to Tyr447 of YxiN (Karginov et al. 2005) . The amino acid at position 407 is more variable; tyrosine and cysteine are the most common amino acids at this position, but serine, arginine, glutamine, and glutamic acid are also found. In this context, we prepared the Y407C, Y407A, and Y447A mutations of the YxiN RBD. Since cysteine is found at position 407 in E. coli DbpA, the Y407C mutation should not significantly impair RNA binding, but the latter two would be expected to if these residues participate in RNA binding through stacking of nucleotide bases on the aromatic side chains.
A gel mobility shift assay was used to measure affinities of the wild-type and mutant RBD proteins for RNA, in the same manner as done previously with the wild-type protein (Karginov et al. 2005) . RNAs used in the binding experiments were a wild-type 32-mer fragment of 23S RNA that has been shown previously to bind with high affinity to DbpA and YxiN (sequences A and B, Fig. 2A ), and mutant oligonucleotides derived from this sequence (sequences C and D, Fig. 2A ; Tsu et al. 2001) . Gel shifts of oligonucleotide mobility of a protein concentration range of 0-500 nM were measured (representative data, Fig.  2B ). The wild-type RBD binds the wildtype 32-mer RNA (oligonucleotide A) with essentially the same affinity as reported previously in Karginov et al. (2005) . Somewhat surprisingly, all three of the mutant RBDs bind RNA A with affinities that do not differ significantly from that of the wild-type protein (Table 1; representative data, Fig. 2C ). The binding of the three mutant domains to RNA A was also measured in 200 mM KCl to attenuate sequencenonspecific binding; while the higher salt reduced the affinities modestly, the values of the dissociation constant were not substantially different from the wild-type domain under lower ionic strength conditions.
The pattern of binding of mutant RNA oligonucleotides by the mutant proteins also paralleled that of the wild-type protein. Mutations in the single-strand extension (RNA B) do not impair affinity, while mutations in the loop or base of the stem of the hairpin (RNAs C and D) abolish high affinity binding for the mutant proteins as well as for the wild-type protein. Thus the three mutant domains have affinity and specificity for RNA that is indistinguishable from that of the wild-type domain.
DISCUSSION
The RRM domain occurs frequently in eukaryotic genomes with z100 examples in the Caenorhabditis elegans genome (Washington University Genome Sequencing Center 1998) and nearly 200 in the Arabidopsis genome (Lorković and Barta 2002) . The Pfam family for RRMs (Pfam 00,076) (Bateman et al. 2000) currently lists >7000 sequences. These sequences are predominantly eukaryotic in origin, but they include at least 135 from bacteria (of which approximately half are identified in cyanobacteria) and three from viruses. These RRMs were originally defined by two short, conserved ''ribonucleoprotein (RNP)'' peptide sequences, of length eight and six amino acid residues, called RNP1 and RNP2, respectively (for review, see Maris et al. 2005) . The YxiN/DbpA RNA Segments of polypeptide for which the distance between equivalent C a 's of the two structures is <1.5 Å are shown in yellow; segments for which the distance is >1.5 Å , in magenta (YxiN) and cyan (U1A). Side chains of YxiN residues Tyr407 and Tyr447 are shown in red; side chains of the equivalent U1A residues Tyr13 and Phe56, in green. (D) Manner in which RNA nucleotide bases stack on aromatic side chains of U1A. RNA nucleotides C10 and A11, magenta; U1A Tyr13 and Phe56 side chains, green. A, C, D, and Figure 3 were made with Pymol (http://pymol.sourceforge.net/index.php); B was made with Molscript (Kraulis 1991) and rendered with Raster3D (Merritt and Bacon 1997). binding domain (Pfam 03,880) does not readily fit the consensus RRM sequence profile, with only a very weak similarity in a region around RNP1 (Karginov et al. 2005) . Structures of eukaryotic RRM domains of the Pfam 00,076 family have four antiparallel b-strands with two a-helices on one face in a babbab topology, with RNP1 and RNP2 embedded in b-strands 3 and 1, respectively (Nagai et al. 1990 ). The structure of the YxiN RBD presented here reveals that, despite the lack of apparent sequence similarity, it has the same tertiary fold as RRMs of the Pfam 00,076 family.
Structures of several eukaryotic RRM proteins or protein fragments complexed with their RNA targets have been reported. These include the spliceosomal U1A protein (Oubridge et al. 1994) , and also its homolog U2B99 in conjunction with U2A9 (Price et al. 1998 ), a poly(A) binding protein (Deo et al. 1999) , the Drosophila sex-lethal protein (Handa et al. 1999) , and the HuD protein (Wang and Tanaka Hall 2001) . In all these examples, a segment of singlestrand RNA binds across the face of the b-sheet. A shared feature in these structures is the specific interaction of a tandem pair of nucleotides with a subset of conserved amino acids localized to positions 1, 3, and 5 of the eight-residue RNP1 and position 2 of the six-residue RNP2 (Maris et al. 2005) . Interactions between the amino acids of RNP1 and the 39 nucleotide of the tandem pair typically include arginine or lysine at position 1 making a salt bridge to the phosphate, a hydrophobic residue at position 3 interacting with the ribose, and the side chain of tyrosine or phenylalanine at position 5 forming a stacking interaction with the nucleotide base. The base of the 59 nucleotide of the pair stacks with the side chain of tyrosine or phenylalanine at RNP2 position 2. All of the structures of eukaryotic RRMs complexed with RNA manifest some, and in several cases all, of these four interactions. Additional interactions with the RNA or DNA typically employ residues of the polypeptide backbone of bstrand 4 (described in more detail in Wang and Tanaka Hall 2001) . A similar binding scheme for single-strand DNA is seen in the structure of hnRNP A1 protein complexed with singlestranded telomeric DNA (Ding et al. 1999) . These data illustrate a common mode of binding of single strand segments of RNA or DNA by RRMs.
Superposition of the YxiN RBD domain on structures of other RRMs assigns residues 443-450 (sequence DNASY-VEI) to RNP1 and 406-411 (sequence LYFNGG) to RNP2. Sequences of RNA oligonucleotides as shown in Figure 2 . Experiments on RNAs A and C were repeated two or three times; experiments on other RNAs were done once.
In the DbpA/YxiN subfamily, at the structural equivalent of RNP1 position 1, an acidic residue or a proline is commonly found, in contrast to the conserved basic residue in eukaryotic RRMs. The residue at position 3 is variable, while position 5 is conservative, having either tyrosine or phenylalanine. The residue at the structural equivalent of RNP2 position 2 is also variable; tyrosine and cysteine are the most common amino acids at this position, but serine, arginine, glutamine, and glutamic acid are also found. The features that are most similar between YxiN and the conserved residues that interact with RNA in the eukaryotic RRMs are Tyr447 at position 5 of RNP1 and Tyr407 at position 2 of RNP2. Hence, these residues were targeted for mutagenesis to test whether the YxiN RBD binds RNA in a similar manner. Each residue was mutated to alanine; in addition, Tyr407 was mutated to cysteine, the residue found at this position in E. coli DbpA. All of the mutant proteins bind RNA with essentially wild-type affinity. Two arguments suggest that the YxiN RBD binds RNA in a manner that differs from the common mode of binding observed in structures of eukaryotic RRMs complexed with nucleic acid binding targets. First, we show here that although YxiN contains aromatic residues at the structurally orthologous positions that stack on ssRNA in the eukaryotic RRMs, their mutation to alanine does not significantly impair specific RNA binding. This can be contrasted to data on the U1A protein-RNA complex. Mutation of the residue of RNP1 that base-stacks with RNA, Phe56, to alanine reduces the binding affinity by 4 orders of magnitude, while mutation to leucine reduces affinity by 3 orders of magnitude, and a relatively conservative change to tyrosine reduces the RNA affinity 50-fold (Nolan et al. 1999 ). Mutation of the U1A residue of RNP2 that base-stacks with RNA, Tyr13, to phenylalanine reduces the binding affinity 25-fold (Jessen et al. 1991) .
Second, a comparison of members of the DbpA protein subfamily indicate that aside from Tyr447 in RNP1, most of the residues on the face of the b-sheet are not conserved, arguing against their involvement in specific binding of RNA in a manner shared by all DbpA proteins. Residues of high conservation localize primarily in the two glycine-, lysine-rich loops (410-415 between b1 and a1; 468-470 between a2 and b4) and in the interior of the protein. The high level of sequence conservation of the glycine-, lysinerich loops, in combination with their significant level of disorder in the crystal structure in the absence of an RNA ligand, is suggestive of a participation in RNA binding. (Interestingly, the residues that align with Gly411 and Gly423 of YxiN are conserved across both the DbpA and CsdA subfamilies; however, the basic residues between these two glycines that are conserved in DbpA and its homologs are variable in the CsdA homologs.) Additionally, high-affinity binding of RNA by the YxiN RBD requires both the single-strand loop of the H92 hairpin and a ssRNA extension of several nucleotides 59 to the 5-bp stem of the hairpin (C.M. Diges and O.C. Uhlenbeck, in prep.). Mutagenesis of the RNA confirms sequence-specific dependence on the single-strand loop of the hairpin. However, if this loop were docked to the YxiN RBD in a manner consistent with the ssRNA binding scheme of eukaryotic RRMs, the single-strand extension at the distal end of the duplex stem would be a significant distance away from the protein (Fig. 3) . Thus it appears that YxiN has developed an alternative strategy to achieve sequencespecific recognition of hairpin 92 of 23S rRNA.
Alternative modes of sequence-specific RNA binding by protein domains with the RRM fold are found in NMR structures of complexes of an RNA binding fragment of nucleolin with its target RNAs, the nucleolin recognition elements (NREs) (Allain et al. 2000a,b; Johansson et al. 2004) , and also in the crystal structure of the complex between Thermus thermophilus phenylalanyl tRNA synthetase and its tRNA (PDB ID 1EIY) (Goldgur et al. 1997) . The nucleolin fragment includes the two amino-terminal RRM domains and the polypeptide linker between them. This fragment binds both a NRE derived from in vitro selection (Allain et al. 2000a,b) and a naturally occurring sequence (b2NRE) (Johansson et al. 2004 ) with high affinity and sequence specificity. A substantial fraction of the binding interactions of the RNA are with amino acid residues of the polypeptide linker between the RRM FIGURE 3. YxiN RBD with conserved residues highlighted. (Right) Ribbon drawing on YxiN RBD, with residues shown that have conservative substitutions in 36 aligned sequences (Karginov et al. 2005) . Conserved external residues, with side chains presented as stick models in red: K412, K413, K415, R417, D420, F/Y447, K468, K470. Internal residues having only conservative substitution (L/I/V), with side chains shown as green stick model surrounded by semitransparent surface: V422, I425, V431, I436, I439, I441, V448, I450, V467. Conserved glycines, shown as magenta spheres at C a positions: G411, G423, G437, G469. Residues that are included in figure in an approximate conformation that follows continuous electron density but not in final model due to inability to precisely define their conformation: 415-418 and 468-470. Selected residues are labeled. (Left) For reference, an anticodon fragment of tRNA (taken from PDB 1EIY) having the same features of secondary structure as the tightbinding RNA target of the YxiN RBD: a hairpin with a 5-bp stem and a 5-nt loop, plus a single-strand extension.
domains. The aromatic residues Phe17 of RNP2 and Tyr58 of RNP1 in the RRM-1 of nucleolin do not interact with the RNA through parallel stacking of planar rings of the amino acids and RNA and thus differ from the consensus binding mode seen in cases where a single RRM binds a segment of ssRNA. Those parts of the nucleolin fragment that interact directly with RNA only become well-ordered in the protein-RNA complex; they are disordered in the absence of ligand.
In the synthetase-tRNA complex, the anticodon stemloop binds a domain of the synthetase that has an RRM fold. The anticodon loop interfaces to the loop between b-strands 2 and 3, as well as to other residues on the b-sheet. Translation of this general scheme to the YxiN RBD suggests one candidate binding interface. Figure 3 shows the YxiN RBD, highlighting the conserved external (red), glycine (magenta spheres), and conservative substitution internal (green) residues, and for comparison, a fragment of RNA with a stem-loop and single-strand extension similar to that of the H92 hairpin. It would be feasible for the loop of the hairpin, in which mutations impair binding, to bind at the base of the protein, possibly interfacing to the glycine, lysine-rich loops. It would then be sterically feasible for the ssRNA extension at the distal end of the duplex to bind the other extremity of the protein. Such a binding scheme would allow significant interactions with both the loop and the ssRNA extension by a single RBD protomer. It would juxtapose the singlestrand loop of the hairpin to a region of the YxiN RBD where the highly conserved external amino acid residues are localized. This would also suggest that those parts of the YxiN RBD that are most poorly ordered in the structure in the absence of RNA may be extensively involved in specific RNA recognition. Whether RNA is bound in this manner or in some alternative manner can only be answered by structural work on protein-RNA complexes.
MATERIALS AND METHODS

Plasmids for expression of recombinant YxiN(404-479)
The subcloning of the coding sequence for wild-type YxiN residues 404-479 into the pTWIN1 vector of an intein-based expression system (New England Biolabs) has been described (Karginov et al. 2005) . Expression vectors for proteins with mutations Y407C, Y407A, and Y447A were constructed from the parent expression vector using suitable primers and the QuikChange mutagenesis system (Stratagene). Mutations were confirmed by DNA sequencing of the protein coding regions of the expression plasmids.
Protein expression and purification
Wild-type and mutant YxiN(404-479) fragment proteins were expressed and purified using the protocol described previously (Karginov et al. 2005) . Expression of seleno-L-methionine (SeMet)-labeled YxiN(404-479) was carried out in the methionine auxotroph E. coli strain B834(DE3). The medium for protein expression was 23 M9 minimal salts enriched with 0.4% glucose, supplemented with 2 mM MgSO 4 , 25 mg mL ÿ1 FeSO 4 Á7H 2 O, 1 mg mL ÿ1 riboflavin, 1mg mL ÿ1 thiamine, and 100 mg mL ÿ1 ampicillin. All amino acids were added at a concentration of 40 mg/mL, with SeMet (Sigma) substituted for methionine (Yu et al. 1998 ). Cells were grown at 37°C in this expression medium to a cell density at which A 600 = 0.6, at which point protein expression was induced by adding 0.4 mM IPTG; the cells were incubated for an additional 4 h in a shaker at 25°C and then harvested. The subsequent purification protocol for the SeMetlabeled protein was identical to that used for the native protein.
To prevent oxidation of SeMet, 1 mM DTT was added to all solutions during all purification steps.
Gel mobility shift assay of rna binding RNA oligoribonucleotides were purchased from Dharmacon, Inc., or synthesized by runoff T7 transcription as described (Tsu et al. 2001) . Assays of the protein-induced shift of RNA gel mobility were carried out as described previously for the wild-type protein (Karginov et al. 2005) . Briefly, a trace amount (0.4 nM) of 59-32 Plabeled RNA was titrated with increasing concentrations of proteins in 50 mM HEPES (pH 7.5), 50 or 200 mM KCl, 5 mM MgCl 2 , 100 mM DTT, 70 mM poly(A), 5% (v/v) glycerol, and 0.1% (v/v) Tween 20. Reactions were incubated for 10 min to reach equilibrium and 10-mL aliquots were run on 5% native acrylamide gels in 1/33 TBE (= 30 mM Tris-borate, 0.33 mM EDTA at pH z8.3). The amount of bound and unbound RNA in each lane was quantified with a PhosphorImager, and the fraction of bound material versus protein concentration was fit with a noncooperative binding curve to parameterize a dissociation constant (K d ).
Crystallization and crystal freezing
Wild-type and SeMet-labeled YxiN(404-479) protein were crystallized at 18°C by vapor diffusion in sitting or hanging drops using protein at an initial concentration of 10 mg/mL and a precipitant of 3.2-3.6 M (NH 4 ) 2 SO 4 , buffered to pH in the range 9-10 with 0.1 M glycine. Crystals grew as tetragonal bipyramids with maximum dimension z0.05-0.10 mm in 1-2 wk. Crystals were transferred to a cryoprotectant solution of 1% (w/v) glucose, 3.2 M (NH 4 ) 2 SO 4 , 0.1 M glycine (pH 9.5) and frozen in liquid nitrogen.
Data collection
Initial multiwavelength anomalous dispersion (MAD) diffraction data from SeMet-labeled crystals were collected to 2.0 Å resolution at three wavelengths on beamline 4.2.2 of the Advanced Light Source (ALS); these data were used to locate selenium sites and for initial phasing and model building. A subsequent three-wavelength MAD data set was collected to 1.7 Å resolution on beamline 1.5 of the Stanford Synchrotron Radiation Laboratory (SSRL); these data were used for final phasing. Native diffraction data were collected to 1.7 Å resolution on ALS beamline 5.0.1 with radiation of l = 1.00 Å ; these data were used for model refinement. All data were indexed, integrated, and scaled with HKL2000 (Otwinowski and Minor 1997) . Unit cell and symmetry parameters and datacollection statistics for crystals of native and SeMet-labeled protein are summarized in Tables 2 and 3 .
Model building and refinement Selenium atoms were located, experimental phases were computed, and a partial model was built automatically using the program package SOLVE/RESOLVE (Terwilliger and Berendzen 1999) . Manual model building was effected with the modeling program O (Jones 1978) . Final experimental phase computations, map computations, and model refinement were carried out using the program CNS (Brunger et al. 1998) . Three selenium sites, corresponding to the three SeMet residues in the labeled YxiN RBD, were located by the automated search algorithms of SOLVE from an anomalous difference Patterson computed from the peak wavelength data. Final MAD phases had an overall figure of merit of 0.713-1.7 Å resolution; the figure of merit was generally >0.80 to z2.1 Å and declined beyond that resolution. Experimental phases were improved by solvent flipping applied to the experimental electron density map to yield an electron density map that was readily interpretable for much of the molecule (Fig. 1A) . Despite the clarity of the electron density maps for the majority of the molecule, three segments of the polypeptide remained problematic throughout model building and refinement. The first segment begins at residue 410 with a loop rich in glycine and lysine and extends through Gly423 in the middle of the first helix. Although residues 410-413 could be modeled into electron density with little ambiguity, the remainder of the loop and the a R sym = +|I hkl ÿ AEI hkl ae|/+AEI hkl ae where I hkl = single value of measured intensity of hkl reflection, and AEI hkl ae = mean of all measured value intensity of hkl reflection. Bijvoet measurements were treated as independent reflections for the MAD phasing data sets. b Values of f 9 and f 0 were initially estimated from an EXAFS scan and refined in SOLVE (Terwilliger and Berendzen 1999) . , where D|F| is the dispersive (off-diagnoal element), or Bijvoet (diagonal element) difference, computed between 50.0 and 1.70 Å resolution in SOLVE (Terwilliger and Berendzen 1999). d Phasing power = AE|F H |ae/E, where AE|F H |ae is the RMS structure factor amplitude for anomalous scatterers and E is the estimated lack of closure error; computed in CNS (Brü nger et al. 1998 ) using all data between 50.0 and 1.70 Å . R cryst = +|F obs ÿ F calc |/+F obs where F obs = observed structure factor amplitude and F calc = structure factor calculated from model. R free is computed in the same manner as R cryst , using the test set of reflections.
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Cold Spring Harbor Laboratory Press on January 25, 2018 -Published by rnajournal.cshlp.org Downloaded from beginning of the helix, starting at Ala418, remained ambiguous. Difference Fourier maps gave electron density consistent with multiple conformations for this segment (Fig. 4) , and the refinement statistics improved significantly when residues 418-423 of helix 1 were modeled in two conformations, each having 50% occupancy. However, residues 414-417 could not be placed in electron density reliably and are absent from the final model. The inability to decipher the apparent multiple conformations of this region presumably contributes to the uncharacteristically high values of the crystallographic and free R-factors in the refinement. Similarly, residues 468-470, which are in a loop connecting helix 2 and b-strand 4, and the carboxy-terminal residue 479 could not be modeled reliably. Forty-eight solvent molecules and 2 sulfate ions were apparent in the electron density maps and were included in the final model. Coordinates have been deposited with the Protein Data Bank (ID 2G0C).
